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Introduction 47
Cryptosporidiosis is a leading cause of diarrhea and is estimated to be responsible for greater than 200,000 48 deaths in young children in South Asia and Sub-Saharan Africa each year. (2) Beyond the immediate 49 infection, cryptosporidiosis is also associated with long term sequelae including malnutrition and 50 neurocognitive developmental deficits. (3-6) The majority of human infections are caused by the C. hominis, 51 C. meleagridis, and C. parvum species, members of the phylum Apicomplexa. (5, 7, 8) As cryptosporidiosis 52 is transmitted fecal-orally, contact with any reservoir with possible fecal contamination could serve as point 53 of transmission. In the developed world, cryptosporidia are an important cause of diarrhea in individuals 54 living with HIV and is the most common pathogen causing waterborne outbreaks. (8) 55 In endemic regions, cryptosporidiosis mostly impacts young children, and risk factors for infection 56 include poverty, and overcrowding. (5, (9) (10) (11) Livestock serve as an environmental reservoir for C. parvum, 57 and transmission has been reported after contact with infected animals or drinking water contaminated by 58 human or animal waste. (12) In regions where Cryptosporidium infection is endemic, there is heterogeneity 59 in clinical course and outcome. In an eight-site multicenter international study of enteric infection and 60 malnutrition (MAL-ED), the rate of Cryptosporidium infection, age of onset, number of repeat infections, and 61 clinical manifestation varied significantly by site. (10) In a recent study in Dhaka, Bangladesh, we found that 62 two-thirds of children living in an urban slum were infected with Cryptosporidium by two years of age and 63 one-fourth had more than one episode of cryptosporidiosis. Fully three-fourths of infections were subclinical, 64 but regardless of symptoms, children with cryptosporidiosis were more likely to become malnourished by 65 age two years. (5) Potential explanations for the Cryptosporidium infection heterogeneity include differences 66 in pathogenicity of various Cryptosporidium species or genotypes (13), as well as host genetic susceptibility. 67
Candidate gene studies identified an increased risk of Cryptosporidium infection associated with 68 specific alleles in HLA class I and II genes and SNPs in the mannose binding lectin (MBL) gene. (14-16) 69 Bangladeshi preschool children with multiple Cryptosporidium infections (≥2 infections) were more likely to 70 carry the -221 MBL2 promoter variant (rs7906206; OR=4.02, P=0.025) and have the YO/XA haplotype 71 (OR=4.91), as well as be deficient in their MBL serum levels (OR=10.45). (15) Since MBL and HLA alleles 72 only partially explained Cryptosporidium susceptibility, we conducted a genome-wide association study 73 (GWAS) Across these three cohorts, there were a total of 183 children with at least one symptomatic (diarrheal) 78 sample that tested positive for Cryptosporidium within the first year of life ("cases"). ( Table 1) A total of 873 79 children did not test positive for Cryptosporidium in either symptomatic (diarrheal) or surveillance samples 80 within the first year of life ("controls"). There were no significant differences in height-for-age Z-score (HAZ) 81 at birth (HAZbirth), the number of days exclusively breastfed, or sex between cases and controls (P>0.05). To 82 control for a possible role of malnutrition affecting susceptibility to infection, we compared the HAZ at 12 83 months of age (HAZ12) between cases and controls. While we observed increased levels of stunting (lower 84 HAZ12) within PROVIDE (P=0.007), we observed no difference with the other two cohorts (P>0.05). 85
Additionally, there was no statistically significant evidence of heterogeneity in HAZ12, number of days 86 exclusively breastfed, or sex between the three studies (Phet>0.05). 87 88 We tested the association between 6.5 million SNPs across the human genome with symptomatic 89
GWAS of Cryptosporidiosis within the first year of life
Cryptosporidium infection in the first year of life. Effects were estimated separately for the three birth cohorts 90 and subsequently combined using a fixed-effects meta-analysis, filtered for heterogeneity (Phet), minor allele 91 frequency (MAF) >5%, and imputation quality (INFO>0.6). (Figure 1, Supp. Figure 1 ) A total of 6 SNPs in 92 an intron of PRKCA (protein kinase c, alpha) were significantly associated with Cryptosporidium infection 93 (P<5x10 -8 ). (Figure 2A ) For the SNP most associated with Cryptosporidium infection (rs58296998), each 94 copy of the risk allele (T) conferred 2.4 times the odds of cryptosporidiosis within the first year of life 95 (P=3.73x10 -8 ). This effect size and risk allele were consistent across all three studies (Phet=0.11). (Figure  96 2B) After conditioning on rs58296998 (by including this SNP in the logistic regression model as a covariate), 97 the evidence for association with the remaining SNPs in the region was no longer significant, suggesting that 98 the observed association in PRKCA is explained by a single SNP (rs58296998) or one highly correlated with 99 this SNP. (Figure 2C) China. The rs58296998 T allele is at lower frequencies within Africa, at 9% within the Luhya in Kenya, and 108 even less frequent in West Africa (3.5-5.5%). (Figure 3 ) 109
Cases had their first diarrheal episode positive for Cryptosporidia at a mean of 242 days of age. We 110 confirm the GWAS results, with the dosage of rs58296998 risk alleles significantly associated with time to 111 first diarrheal sample positive for Cryptosporidia among cases versus right-censored controls (up to the 112 child's first birthday) (P=6.37x10 -8 ). All children homozygous for the risk allele (TT) have their first episode in 113
the first year of life. (Supp. Figure 2 ) Among cases, however, we there was no statistically significant 114 association between rs58296998 genotype and time to infection (P=0.095). In PROVIDE, the rs58296998 115 genotype was associated with severity of diarrhea as determined by the Ruuska score (P=0.028). (Supp. 116 
Additional Genome-Wide Expression and Gene Set Analyses

135
In the absence of direct gene expression measurement, we relied on previously estimated tissue-136 specific associations between genome-wide SNPs and gene expression, which quantify the genetic 137 component of gene expression. We estimated predicted patterns of genome-wide differential gene 138 expression between cases and controls by weighting the summary statistics from our GWAS of 139 cryptosporidiosis in the first year of life by tissue-specific PredictDB weights. These SNP-level estimates 140 were then combined for each gene to infer association between imputed gene expression and 141 Figure 6 ) Variants in the gene OTUD3 (OTU deubiquitinase 3, 144 chr1:20,208356-20,239,438) were associated with cryptosporidiosis in 18 different tissue-specific models at 145 P<0.001. In all tissue-specific models, individuals with predicted increased expression of OTUD3 had an 146 increased risk of cryptosporidiosis within the first year of life (OR: 1.68-6.63, P: 8.46x10 -5 -8.97x10 -4 ). 147
(Figure 4) 148
We also performed gene set enrichment analysis using MSigDB hallmark gene sets (N=50), KEGG 149 (N=186) and BioCarta (N=217) by combining gene-level summary statistics to examine aggregate signals 150 within biological pathways. No pathways reached statistical significance after adjusting for multiple 151 comparisons; however, several gene sets were suggestive. (Supp. Here we present the results of the first genome-wide association study of symptomatic Cryptosporidium 156
infection. Specifically, we tested the role of host genetics in the susceptibility to While our top SNP within PRKCA has previously been shown to influence the expression of PRKCA 188 in GTEx, our imputed gene expression analysis using PrediXcan did not see a significant difference in 189 predicted PRKCA expression between cases and controls. This is likely due to the difference between a 190 single SNP being examined in GTEx versus the combined effects of multiple eQTLs estimated from a 191
European descent reference population in PrediXcan. A major limitation of predicted gene expression 192 analyses is the lack of population-specificity for non-European groups. (34) The PrediXcan models were 193 derived from European-descent individuals, as were the covariance structures used to infer correlation 194 between eQTLs. We see a direct relationship between population differences in allele frequencies for the 195 weighted SNPs and impaired performance. Specifically, we observe the lowest predictive performance in 196 tissues for which the informative SNPs have large differences in allele frequencies between European and 197 South Asian populations in the 1000 Genomes Project phase 3 data (35). (Supp. Figure 7) These include 198 two tissues, esophageal mucosa and the colon sigmoid tissue, in which rs58296998 was identified as an 199 eQTL for PRKCA. These trends highlight the importance of reference populations representative of global 200 populations to ensure tools are useful in non-European populations, such as ours. We also identified 201 increased expression of OTUD3 to be associated with increased odds of cryptosporidiosis within the first 202
year of life. This gene is associated with ulcerative colitis (36-42) and inflammatory bowel disease (43, 44) . 203
This finding is consistent with a shared pathway between enteric infection and autoimmune intestinal 204 disease, as indicated in a previous genetic analysis of Entamoeba histolytica infection in the same study 205 population. (45) 206 When the predicted patterns of differentially expressed genes are collapsed into gene sets, we found 207 enrichment in the hedgehog signaling pathway. A previous study examined the gene expression profiles of 208 long non-coding RNA (lncRNA) and mRNA in HCT-8 cells infected with C. parvum IId subtype. (46) Of note, 209
PRKCA was the most significantly differentially expressed gene in infected HCT8 cells 24 hours post 210 infection (2.24-fold decreased expression in infected cells P=3.82x10 -5 ). Pathway analysis of the 211 differentially expressed mRNAs found that genes in the hedgehog signaling pathway were significantly 212 enriched during Cryptosporidium infection. This finding in combination with our identification of hedgehog 213 signaling in imputed gene expression profiles is suggestive of a potential link between decreased PRKCA 214 expression and hedgehog signaling, however further research to confirm these findings and elucidate the 215 role of genetic variation in PRKCA on gene expression and hedgehog pathway perturbation is needed. 216
A potential limitation of our study is that due to the use of sensitive molecular diagnostics multiple 217 enteropathogens were frequently detected in each diarrheal sample. However, we did not detect the same 218 genetic signatures as from our previous study of Entamoeba histolytica in this same study population for 219 Cryptosporidium. (45) Therefore, we are confident that our results are specific to cryptosporidiosis, despite 220 co-occurrence with other enteric pathogens. 221
Through a GWAS meta-analysis of three separate birth cohorts, we identify a region in PRKCA on 222 chromosome 17 as being associated with increased risk of symptomatic cryptosporidiosis in the first year of 223 life among Bangladeshi infants. This gene has previously been implicated in other infectious outcomes, 224
indicating pleiotropy with the immune system's reaction to numerous pathogens. Publicly available data 225 supports a link between our top SNP and expression of PRKCA, suggesting a mechanism via Th17 226 inflammatory control. Clinical trials are currently be proposed for PKC isotypes, including PKC-alpha, for 227 autoimmune disease, and therefore may be important for cryptosporidiosis which lacks treatment for young 228 children. (47) Cross-study genetic data harmonization. After imputation, all three datasets (DBC, PROVIDE, CryptoCohort) 302
were double checked for relatedness both within study, as well as between studies, to ensure independence. One 303
individual from each pair of relateds were dropped consistent with up to second degree of relatedness 304 (PI_HAT>0.2). Individual outliers for heterozygosity (F > 5 standard deviations from mean) were also excluded 305 from further analysis. A total of 85 individuals were dropped from DBC, 9 from PROVIDE, and 34 from 306
CryptoCohort. Only the top principal component from the combined dataset was found to be significantly 307 associated with outcome. (Supp. Figures 8-10 ) 308 309
Statistical analysis. Each study (DBC, PROVIDE, and CryptoCohort) was analyzed separately using logistic 310
regression with an additive model accounting for imputed genotype weights in SNPTEST (51, 53, 54) . All three 311
analyses were adjusted for height-for-age Z-score (HAZ) at one year of age, sex, and the first two principal 312 components. The Dhaka Birth Cohort was additionally conditioned on genotyping array to account for batch 313 effects. We combined the three analyses in a fixed-effects meta-analysis within META. Results were filtered for 314
Phet>0.05, minor allele frequency (MAF) >5%, and INFO>0.6 in all three studies, resulting in 6,504,706 SNPs. The 315 conditional analyses were run separately by cohort for the PRKCA region, each analysis conditioning on 316 rs58296998 in addition to the original covariates with SNPTEST. Results were again filtered for heterogeneity or 317 P(het)>0.05, MAF>5%, and INFO>0.6 in all three studies. 318 319
Allele frequencies. The allele frequencies were derived from the 1000 Genomes Project Phase 3 data, v5a. (35) 320
Individuals were stratified by their denoted population with first degree related individuals removed. 321 322
GTEx and eQTL overlap with GWAS results. Expression quantitative trait loci (eQTLs) were identified through 323
the GTEx Portal (https://www.gtexportal.org/home/) on August 6 th , 2018. (18) The top SNP was identified as an 324 eQTL for PRKCA with P<0.001 for multiple tissues. 325 326
MetaXcan imputation and association analysis. To impute gene expression and association with outcome 327 from our GWAS summary statistics, we applied MetaXcan (S-PrediXcan and packaged best practices). (20) 328
Weights were previously derived with GTEx v7 data in a European-descent population, with accompanying 329
European-descent linkage disequilibrium metrics for the SNP covariance matrices (PredictDB Data Respository: 330 http://predictdb.org/). MetaXcan was used instead of the original PrediXcan to ensure consistency in models with 331 our GWAS. All 48 tissues were run separately over the meta-analysis results previously described. Following 332 imputation and estimation of gene expression with outcome, we calculated weights for each gene-tissue pair as 333 the ratio between the number of SNPs used in the model versus the total number that were pre-specific in the 334 model, multiplied by predicted expression performance. To determine associations across many tissues, a P-335 value threshold of 0.001 was utilized. A strict Bonferonni correction for the 242,686 comparisons results in a P-336 value threshold of 0.05/242,686=2.06x10 -7 , which no comparison yielded a statistically significant result. The 337 relationship of allele frequencies in European and South Asian populations with PrediXcan weights were 338 examined to assess prediction capacity. (Supp. Figures 6, 11 ) 339 340
Gene set enrichment analysis. Gene set enrichment analysis was conducted on the imputed gene expression 341 data summary statistics previously described from MetaXcan. For each gene, we selected the tissue with the 342 smallest P-value. Using the program GIGSEA (Genotype Imputed Gene Set Enrichment Analysis (55) 
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Each dot indicates the association of a single SNP with Cryptosporidiosis in the first year of life. SNPs are sorted by 579 chromosome (each color) and position along the x-axis. The y-axis is the -log10 P-value for the SNP association the 580 meta-analysis of study-specific logistic regressions adjusting for height-for-age Z-score at 12 months, the first two study-581 specific principal components, and batch for the Dhaka Birth Cohort (DBC). Genome-wide significance (5x10 -8 ) is denoted 582 by the dashed line. This plot is limited to associations with a P-value below 0.01. 583 584
Figure 2: Association between variants in PRKCA and cryptosporidiosis.
(A) Regional association on chromosome 17 between variants in PRKCA and cryptosporidiosis. Fill denotes linkage disequilibrium (r 2 ) between the top SNP (rs58296998) and surrounding SNPs. (B) Forest plot of odds ratios and 95% confidence intervals for top signal rs58296998 by individual cohort and metaanalysis.
(C) Regional association in PRKCA region after conditioning on top signal rs58296998, showing significantly diminished signal between recombination peaks.
Figure 3: Allele frequencies for allele T at top signal rs58296998 from 1000 Genomes Phase 3 data, as well as by case/control status in three cohorts combined.
Each pie chart on the map shows the frequency of the T allele with the black wedge. The remainder of the pie chart is colored by that T allele frequency. The inset provides the T allele frequency for children without any symptomatic cryptosporidiosis in the first year of life (controls; MAF=13.6%) and those with at least one diarrheal episode (cases; MAF=25.0%).
Figure 4: OTUD3 region showing association with cryptosporidiosis in the first year of life.
(A) Association of SNPs on chromosome 1 region, colored by linkage disequilibrium (r 2 ) with index SNP (black diamond). (B) Association of case status with imputed gene expression in all tissues with P<0.001 and predicted expression performance of r 2 >0.1.
